SUMMARY. In a previous study (Peterson and Gluck, 1982), activation of hog carotid artery with high-K + medium caused no increase in aerobic glycolysis (lactic acid production). In contrast, histamine alone is found to stimulate aerobic glycolysis in a tension-dependent fashion (Gluck and Paul, 1977). In this study, the addition of histamine to the already K + -depolarized hog carotid artery induced additional contraction, elevated tissue cyclic adenosine 3',5'-monophosphate [cAMP] levels, coupled the rate of aerobic glycolysis to external [Ca ++ ] and isometric tension, and caused suprabasal energy utilization to exceed that required to support the contraction alone by ~25%. Increased cytoplasmic free-fCa ++ ] per se does not stimulate aerobic glycolysis. In the presence of histamine, however, aerobic glycolysis is Ca ++ -sensitive. Whereas a cycle of Ca ++ depletion and restoration has only a small effect on basal metabolic rates in arteries activated with high-K + alone, the same procedure with arteries stimulated by high-K + with added histamine causes a dramatic shift in basal metabolic rates toward higher levels of glycolysis. (Ore Res 50: 848-855, 1982) IN a previous report (Peterson and Gluck, 1982), we have shown that increasing suprabasal energy utilization with increasing isometric tension development in hog carotid artery is due primarily to increasing actomyosin ATPase and increasing ATPase activity of other Ca ++ -related processes. The steady state energy utilization directly ascribable to membrane depolarization is negligible when compared to the overall increase in metabolism with contractile activity, contributing less than 2.5 ± 6% to total contractionrelated energy demand. Evidence of marginal statistical significance suggests that, whereas small K + -depolarizations or K +
IN a previous report (Peterson and Gluck, 1982) , we have shown that increasing suprabasal energy utilization with increasing isometric tension development in hog carotid artery is due primarily to increasing actomyosin ATPase and increasing ATPase activity of other Ca ++ -related processes. The steady state energy utilization directly ascribable to membrane depolarization is negligible when compared to the overall increase in metabolism with contractile activity, contributing less than 2.5 ± 6% to total contractionrelated energy demand. Evidence of marginal statistical significance suggests that, whereas small K + -depolarizations or K + -depolarization in the absence of Ca ++ can yield small (<15%) increases in lactic acid production rate, large graded increases in membrane depolarization in normal physiological solution yield no trend for lactic acid production to increase. We concluded then that while oxygen consumption rate correlates closely with tension-related ATPase, aerobic glycolysis in hog carotid artery does not; nor was there any trend for aerobic glycolysis to correlate with increasing membrane depolarization or increasing cytoplasmic free-Ca ++ per se. Gluck and Paul (1977) have reported however that aerobic glycolysis in hog carotid artery is stimulated by histamine in a tensiondependent fashion. In this report, aerobic glycolysis is shown to be stimulated by histamine even in the presence of high extracellular K + , demonstrating that direct K + -inhibition is not responsible for the failure of aerobic glycolysis to correlate with activation in K + -substituted saline alone. Rather, histamine appears to couple activation and aerobic glycolysis in a fashion which is now sensitive to cytoplasmic free- [Ca ++ ]. The detailed mechanism of hormonal activation of vascular smooth muscle (VSM) is subject to controversy (cf Bolton, 1979, for review) . It is generally agreed, however, to involve two broad categories of action (cf Bohr and Webb, 1977) : (1) changes in membrane potential and ionic permeabilities (especially Ca ++ ) and (2) mobilization of intracellularly stored Ca ++ . In the already K + -depolarized artery, histamine induces additional uptake of extracellular Ca ++ (Karaki and Weiss, 1980) and releases intracellularly bound Ca ++ from sites that are not sites of Ca ++ -sequestration (Deth and van Breeman, 1977 ), but does not further alter membrane potential (Suzuki and Casteels, 1979) . The dependence of histamineinduced contraction on external [Ca ++ ] (Hudgins and Weiss, 1968; Watkins and Davidson, 1980) suggests that tonic histaminergic vasoconstriction (such as utilized here) is primarily the result of a voltage-independent increase in membrane permeability to external Ca ++ (Harder, 1980) . Although the reactivity of blood vessels to histamine is highly variable (Vanhoutte 1978) , the net systemic action of histamine is a vasodilation of the fine blood vessels, which is mediated primarily through H2-histaminergic receptors (cf Douglas, 1975; Levy, 1977) . Current studies suggest (Kramer and Hardman, 1980 , for review) that the H2-receptor is expressed intracellularly through increased cyclic adenosine 3',5'-monophosphate (cAMP) levels, probably by direct interaction between the H2-receptor and an associated adenyl cyclase (Luchins and Makman, 1980) . cAMP has been strongly implicated as the primary second messenger mediating hormoneinduced vasodilation, having been suggested to activate energy-dependent Ca ++ sequestration and/or extrusion through the mechanism of cAMP-dependent protein-kinase membrane protein phosphorylations (Kramer and Hardman, 1980; Krause and Wollenberger, 1977) .
Thus, even if the relative populations of Hi-and H2-receptors were known, the net biochemical action of histamine in smooth muscle would nonetheless be extremely complicated, since: (1) histamine induces both increased Ca ++ -permeability of the plasma membrane and, in general, increased levels of cAMP; (2) Ca ++ and cAMP are mutually regulatory (Cheung, 1980; Rasmussen, 1970) ; and (3) the effects of Ca ++ and cAMP are antagonistic in terms of the net effect on myosin light chain kinase activity (Conti and Adelstein, 1980) , which has been proposed as the direct regulator of contractile activity in smooth muscle (cf Hartshorne and Gorecka, 1980, for review) . Thus, an a priori prediction of the effects of histamine on the metabolism and contractility of a particular vascular smooth muscle is not possible. We report here that in the K + -depolarized hog carotid artery histamine induces additional contraction, increases tissue [cAMP], couples lactic acid production to the level of activation, and increases suprabasal energy utilization to a level which is ~25% greater than the energy utilization rate found for K + activation alone at the same isometric tension. This last effect renders isometric tension maintenance less economical. Several mechanisms that may account for these observations are proposed.
Methods
The apparatus, mechanical and metabolic measurements, artery preparation, solutions, and pre-equilibration procedures are identical to those previously described (Peterson and Gliick, 1982) . Experimental protocol was altered, however, as required by the observation that a Ca ++ -depletionrestoration cycle in the histamine-activated artery had a large effect on basal metabolic rates. A qualitatively similar but much smaller effect was observed in the K + -activated artery. The purpose of these experiments was to measure the increased rates of oxygen consumption (Jo 2 ), lactic acid production (JLA), and ATP utilization (JATP) with increasing contractile activity. Such measurements require either that basal metabolic rates remain essentially unaltered during activation (previous report) or that a reasonable determination of basal metabolism be made for each condition of activation (this report).
Experimental Protocol
As seen in Figure 1 
cAMP Determinations
Three segments from each of three arteries were mounted in an isometric organ bath at 37°C and allowed to equilibrate according to normal protocol in Na + -PSS. After 2 hours, one segment from each artery was rapidly frozen by 50gwl FIGURE 1. immersions in Freon 12 cooled with liquid N2, while the two remaining segments from each artery were stimulated with 50% K + -PSS. After 20 minutes, one segment from each artery was rapidly frozen and histamine (10~5 M) was added to the remaining segments. After 20 minutes in 50% K + -HIST, these last segments were frozen. Samples were kept in liquid N2 until homogenized in cold 5% trichloroacetic acid, lightly centrifuged, and cAMP in the extract assayed according to the method of Gilman (1970) . Artery segment wet weights were determined prior to mounting in the holders.
Results cAMP Levels during Activation
As discussed above, the presence of H2-receptors would be expected to lead to increased levels of cAMP following histamine activation. Whereas cAMP has been shown to increase during relaxation under a variety of conditions, the correlation is not absolute, since many vasodilators produce no increase in cAMP (Herlihy et al., 1976; Andersson and Nilsson, 1977) and some vasoconstrictor substances elevate cAMP (cf. Kramer and Hardman, 1980) . Regardless of the net effect of varying Ca ++ and cAMP levels on the contractile proteins, increased cAMP would be expected to activate protein kinase and subsequent effects thereof. For the activating conditions of this study, the changes in total tissue cAMP are summarized in Table 1 . The small increase (-30%) noted in 50% K + -PSS is not statistically significant and similar to that reported in rat myometrium (Diamond, 1977) and rabbit colon (Andersson, 1973b) . The addition of histamine to the K + -depolarized artery leads to a further increase in cAMP to ~2.6X the resting level and double that during K + depolarization alone. A similar increase in cAMP in pig coronary artery (Sutherland et al., 1973) and somewhat smaller increase in rabbit mesenteric artery (Andersson, 1973a) have been observed following histamine stimulation.
Isometric Tension Development
Following Ca ++ depletion as described in Methods, external [Ca ++ ] in 50% K + -HIST activating solution then was increased in stepwise fashion with intervening periods of relaxation and equilibration in Na + -PSS at the various Ca ++ concentrations. The recovery of isometric tension development as a function of [Ca ++ ]o is shown in Figure 2 . In contrast to similar determinations made with high-K + alone as stimulant [Figure 5 (Peterson and Gliick, 1982) The effect on basal metabolism of depleting external and loosely bound Ca ++ in normal saline has been shown to be negligible (Peterson and Gliick, 1982 All values in junol/min per g wet artery ± standard deviations. Column (1) gives mean basal metabolic rates in normal Na + -PSS; column (2) gives the mean observed change in rates by paired comparisons to column (1) when depleting external Ca ++ in Na + -PSS; column (3) gives mean observed change in rates relative to column (2) in paired comparisons. Number of determinations in parentheses. Significance determined by paired variate analysis and Student's Ntest. similar comparison for 50% K + -HIST activating solution is given here in Table 2 . Simultaneously depolarizing and histamine-activating (column 3) arteries Ca ++ -depleted in otherwise normal saline (column 2) have no effect on basal Jo 2 relative to normal resting conditions with Ca ++ (column 1). JLA, however, increases substantially above basal JLA (~50%), which is significant at the 1% confidence level. That is, while the action of K + -depolarization alone in the absence of Ca ++ does not affect JLA substantially, the addition of histamine to the otherwise identical situation promotes an increase in JLA which alone is sufficient to give a statistically significant (P < 0.02) increase in total ATP utilization rate (column 3). It is important to note, however, in distinction to the case with K + activation alone where Ca ++ depletion completely blocked any contractile response, that Ca ++ depletion in 50% K + -HIST was only 90% effective in blocking contraction. This means that some fraction of the increase in JLA and JATP (column 3) is due to increased tension-dependent ATPase. This factor will be accounted for in the following sections. (Peterson and Gliick, 1982) , little more than a slow time-dependent fade of metabolic rates was noticed (~4%/hr decline which was uniform in both Jo 2 and JLA)-During Ca ++ restoration in 50% K + -HIST, however, basal metabolic rates were found to be substantially altered. Whereas the data display extreme scatter, two general trends during the 3-to 4-hour Ca ++ -restoration period are evident in Figure 3: (1) basal Jo 2 rates are rapidly depressed and become relatively stable at new lower values (~40% below initial basal Jo 2 ) when Ca ++ had been sufficiently restored to reactivate ~50% of full isometric tension and (2) basal JLA rates become substantially elevated to typically 75% greater than initial basal JLA under the same conditions. The combined effect of these large shifts in basal Jo 2 and JLA on total basal energy metabolism is compensatory, however, resulting in no trend for JATP other than a rather uniform slow decline of ~10% over the 3-to 4-hour period (i.e., not different from control measurements without Ca ++ depletion). The net effect of the shifts in basal metabolic rates then is simply to shift the burden of maintaining a nearly constant ATP production rate more onto aerobic glycolysis. Whether these effects present a very much delayed and progressive°/ Fig. 1 and 2) Figure 4 . The data from such experiments with eight arteries have been fit by least squares regression. Both suprabasal Jo 2 and JLA increase linearly with increasing isometric tension development in response to increasing cytoplasmic free-Ca ++ . In contrast to similar external Ca ++ dependence experiments with high-K + alone as stimulant, JLA shows a distinct linear increasing trend in the presence of added histamine. The greater variability in the J L A data (r = 0.56) compared to the Jo 2 data (r = 0.93) is probably ascribable to less inherent precision in the measurement techniques. The dependence in molar terms of suprabasal Jo 2 and JLA on steady isometric tension development is essentially (and probably fortuitously) identical: 0.07jumol O2 or lactic acid/min per g wet artery per kgwt/cm 2 tension maintained.
Basal Metabolism during
It is interesting to note that Gliick and Paul (1977) reported that JLA is not increased during activation with 100% K + -substituted saline, but histamine activation alone increased lactic acid production by 0.15 ± 0.04 /umol/min per g wet artery in the same preparation. In this series of experiments, K + -activation alone likewise yields no increase in JLA (Peterson and Gliick, 1982) . However, the combination of high-K + substitution and histamine leads to a net mean increase in JLA of 0.16 (±0.03, 95% confidence interval) /xmol/min per g wet artery over resting JLA at mean maximal isometric tension. Since the increases in aerobic glycolysis due to histamine in the presence or absence of high-K + are identical, it is clear that high-K + does not inhibit increased glycolysis. It appears rather that depolarization and increased cytoplasmic free-Ca ++ alone fail to stimulate an increase. Figure 4 further suggests that histamine specifically activates some process that is either coupled to or directly dependent upon the ATP production of aerobic glycolysis. This process, while not activated by increased cytoplasmic free-Ca ++ per se, is nonetheless Ca ++ -sensitive when activated.
In both cases shown in Figure 4 , the regression lines do not pass through the origin. The standard errors of the intercepts as calculated from the regression statistics are indicated. The intercept for the AJLA regression (which contains statistical information from all the data points) is not detectably different from the observed increase in JLA noted in Ca ++ -free 50% K + -HIST with EGTA added (cf Table 2 , column 3). The intercept is the increase in JLA predicted by the regression had the Ca ++ depletion completely abolished the 50% K + -HIST contraction instead of allowing ~10% tension development. This indicates that little or none of the ~50% increase in JLA noted under the conditions of Table 2 is correlated with tension-dependent ATPase,
The AJo 2 regression line has a negative and statistically significant intercept. This is the value for the change in Jo z predicted by regression had Ca ++ depletion completely inhibited the 50% K + -HIST contracture. As opposed to no change in Jo 2 (as shown in Table 2 with ~10% tension development), there would be a clear depression of Jo 2 in the absence of a Ca ++ -activated contractile response. This effect is quantitatively similar to the depression of basal metabolic Jo 2 observed when very low levels of Ca ++ were restored to the Ca ++ -depleted artery activated with high-K + alone (Peterson and Gliick, 1982) , thus suggesting that histamine is not causative. Whereas, the data of Table 2 indicate no change in Jo 2 in response to the small contractile effect of Ca ++ -free 50% K + -HIST with EGTA, it is clear from Figure 4 that this is due to approximately compensating effects: a decrease in basal Jo 2 with no tension development, and an increase in tension-dependent Jo 2 due to the small contraction.
In Figure 5 , the suprabasal Jo 2 and JLA data of Figure  4 are recomputed in terms of ATP production and summed as previously described to give the steady suprabasal ATP utilization rates. When plotted against isometric tension development, suprabasal ATPase is seen to increase in strict linear accord (r = 0.96) with isometric tension. The regression line passes through the origin, indicating that simultaneous depolarization and histamine addition in the absence of Ca ++ sufficient to produce a contractile response (i.e., relaxed level of cytoplasmic free-Ca ++ ) does not alter net ATPase. From Figure 4 , however, this condition does result in a slight shift towards anaerobicity, as is the case (but more dramatically so) with basal metabolism as Ca ++ is restored (Fig. 3) . The slope of the correlation between increasing ATPase and isometric tension maintenance is 0.509 (± 0.024) /imol ATP/min per g wet artery per kgwt/ cm 2 tension maintained, as measured in eight arteries. This factor is about 25% greater than the coefficient observed for graded K + and graded Ca ++ in high-K + activating solutions (Peterson and Gliick, 1982) . If the same isometric tension indicates the same cytoplasmic free-Ca ++ level and the same degree of actomyosin activation, then the contribution to suprabasal energy utilization of actomyosin ATPase and other ATPases activated directly by Ca ++ is already contained in the coefficient for graded K + and graded Ca ++ in high-K + contractions. The difference then (0.15-0.20 fimol ATP/min per g wet artery at maximal isometric tension) must reflect the extra energy utilization due to processes specifically activated by histamine. Since the difference increases in direct proportion to isometric tension development as a function of external [Ca ++ ], such processes are most likely responding to increasing cytoplasmic free-Ca ++ .
That this observation is not simply an average property of a large number of arteries (e.g., reflecting 853 heterogeneity in Hi-and H 2 -receptor types), but rather applies mechanistically to each individual artery sample, is illustrated by Figure 6 . There, a sequential paired comparison of suprabasal energy utilization during Ca ++ restoration in both high-K + alone and high-K + with added histamine in a single artery segment is shown. The linearity in both circumstances and the increased suprabasal energy utilization rate per unit of active isometric tension development with the addition of histamine is clearly seen.
It is interesting to note that this increase in suprabasal energy production due to histamine (0.1 fimol/ min per g wet artery per kgwt/cm 2 tension) is partitioned approximately equally in terms of ATP production between increased aerobic metabolism (40 ± 18%) and increased aerobic glycolysis (60 ± 14%).
Discussion
In this and a previous report, we have measured the metabolic responses of a tonic vascular smooth muscle (hog carotid artery) to three conditions of varying activation: (1) As discussed previously (Peterson and Gliick, 1982) , the equality of suprabasal energy utilization rates as a function of isometric tension under conditions (1) and (2) above allow us to exclude membrane depolarization per se as a substantial part of contraction-related energy cost. Membrane depolarization alone exerts no substantial influence on basal Jo 2 or JLA-Whereas a cycle of Ca ++ depletion and restoration does not alter basal ATP utilization rates, such a cycle depresses basal Jo 2 and increases basal JLA in the K + -depolarized artery. This effect is greatly amplified by the addition of histamine (Fig. 3) , in line with Kroeger's (1977) conclusion that conditions elevating cAMP lead to a shift in energy metabolism from aerobic to glycolytic pathways in rat myometrium.
Addition of histamine to the already K With few exceptions (Glover et al., 1973) , both H]-and H2-receptors are present in vascular smooth muscles (cf Altura, 1978; Levy, 1977) . The major systemic action of histamine on the vasculature in situ is dilation of the fine blood vessels. It has been proposed that this relaxing effect is due to increased tissue cAMP via coupling between H2-receptors and adenyl cyclase (Luchins and Makman, 1980) , although some involvement of Hi-receptors is indicated (Gross et al., 1981; Andersson, 1973a) . Increased [cAMP] activates cAMP-dependent protein kinase which, by phosphorylation of various membrane proteins (Krause and Wollenberger, 1977; Nilsson et al., 1977) , may activate ATP-dependent Ca ++ sequestration and/or extrusion. Since histamine also increases membrane permeability to Ca ++ , however, the net contractile effect of histamine depends on the relative densities of receptor types and the detailed intracellular interactions between Ca ++ and cAMP (Cheung, 1980; Silver et al., 1981) . It is likely then that, while histamine activates contraction in hog carotid artery, it also stimulates (via cAMP) ATP-dependent Ca ++ sequestration and/ or extrusion. That histamine induces an apparent coupling between lactic acid production and extracellular [Ca ++ ] suggests the possibility of a coupling between aerobic glycolysis and cAMP-activated Ca ++ pumping, as might be the case forCa ++ pumps located in the sarcoplasmic reticulum (Hurwitz et al., 1973) . Somlyo et al. (1971) have reported a spatial correlation in smooth muscle between the SR and glycogen granules, which could provide a substrate-linked mechanism for spatial coupling of aerobic glycolysis and Ca ++ pumping.
Alternatively, Paul et al. (1979) (Casteels and Suzuki, 1980; Harder, 1980) . The Ca ++ -sensitive excess ATPase induced by histamine might then reflect increased Ca ++ extrusion via a Na + / Ca ++ exchange mechanism (cf Lang and Blaustein, 1980) powered by the Na + /K + ATPase. The two possible mechanisms discussed are based on the dual action of histamine on vascular smooth muscle (much like the a//?-adrenergic system), which is well-established for a variety of VSM preparations (Hagen and Paegelow, 1979; Boe et al., 1980) . The excess metabolism is ascribed to histamine-induced Ca ++ sequestration and/or extrusion processes which, in hog carotid artery, are apparently overwhelmed by excitatory mechanisms. By a similar difference approach, Kumar (1978) has measured the steady energy cost of yS-adrenergic bronchodilation and found the effect to be quite large.
An additional alternative mechanism is not related to ion pumping, but rather suggests that histamine alters the economy of the actomyosin ATPase itself in maintaining isometric tension. Dillon et al. (1981) have found in hog carotid artery that phosphorylated myosin cross-bridges cycle more rapidly than dephosphorylated cross-bridges, even though tension generation is unaffected. Since histamine increases the steady state level of phosphorylation relative to that with K + -activation, then an increased actomyosin ATPase-to-tension ratio would be expected. The specific action of histamine in coupling aerobic glycolysis to external [Ca ++ ] would not, however, be explained. This factor could explain, however, the excess Jo 2 observed with histamine addition, since Jo 2 has been shown to correlate closely with tension development in all three above conditions.
